ABSTRACT Insecticide resistance in Pediculus humanus capitis De Geer 1778 (Phthiraptera: Pediculidae) from different countries has been well documented in the last years. Otherwise, little research has been reported about insecticide resistance in insect embryos and none in human louse embryos. In this work, we studied insecticide resistance in eggs of three head lice populations whose pyrethroid resistance was shown in adults and nymphs compared with a susceptible laboratory body louse strain. All head louse populations showed high permethrin resistance in eggs. Levels of permethrin resistance (LCRs) assessed in eggs by immersion technique were higher than those previously reported for the corresponding populations of adults by topical application. Comparison of LCR values for different populations showed that there was a direct relationship between the resistance levels assessed in eggs and those in adults. All permethrin-resistant eggs showed high resistance to dphenothrin and dichloro-diphenyl-trichloroethane (DDT) and low resistance to carbaryl, which is in common with the resistance proÞle established for adults and nymphs. The results concerning the high resistance to pyrethroid (permethrin and d-phenothrin) and the cross-resistance to DDT and carbaryl detected in head louse eggs and adults suggested similar resistance mechanisms in eggs and adults of head louse populations from adults.
The failure in the chemical control of Pediculus humanus captis De Geer 1778 has been attributed to evolution of insecticide resistance. Resistance to organochlorinated insecticides was shown in the 1960s (Maunder 1971) , and resistance to the widely used pyrethroid insecticides was reported in several countries (Coz et al. 1993 , Burgess 1995 , Mumcuoglu et al. 1995 , Rupes et al. 1995 , Picollo et al. 1998 , Downs et al. 1999 , Pollack et al. 1999 , Lee et al. 2000 , Tomita et al. 2003 . These studies were focused on the evaluation of resistance in the larval or adult stages of the head lice. However, the insecticide resistance in embryos should not be underestimated as a contributive cause of control failures.
Despite the fact that the majority of the insecticides are directed to larval and adult stages, the eggs can be exposed to the insecticides as well. If the insecticides reach the embryo and exert some toxic effect, the embryos will be under selection pressure and may develop their own resistance mechanisms. However, the biochemical process involved in adult resistance can manifest in the embryos despite their not having been in contact with the insecticide.
Despite the importance of the established problem, little research has been reported about insecticide resistance in embryos and none in human lice embryos. Leonard et al. (1991) reported pyrethroid resistance in eggs of two populations of Helliothis virescens Fabricius, whose pyrethroid resistance was assessed in third instars. Ho and Goh (1984) showed that recently hatched larvae and eggs of Plutella xylostella L from a pyrethroid-resistant population were resistant to deltamethrin. Grosscurt (1980) obtained resistant eggs after laboratory selection with dißuben-zuron in Musca domestica L.
The aim of this research was to study insecticide resistance in eggs of P. humanus capitis populations whose pyrethroid resistance was shown in postembryonic stages. Moreover, the resistance proÞle to pyrethroid and nonpyrethroid insecticides was comparatively studied in adults and eggs.
Materials and Methods
Biological Material. Adults nymphs and eggs of the head lice P. humanus capitis (HL) were collected from heads of infested children (6 Ð12 yr old) from three elementary schools in several areas of Buenos Aires, Argentina, using a Þne-toothed anti-louse comb (Nopucid; Laboratorio ELEA, Buenos Aires, Argentina) according to a protocol approved by an ad hoc committee of the Research Center of Pests and Insecticides. After collection, the head lice eggs were sent to the laboratory where adults and late development eggs were selected and immediately used in the bioassays. Selected eggs showed black eyes, clearly visible appendages, and internal movements of the embryo (Mougabure Cueto et al. 2006a ). The populations were selected according to the resistance levels to permethrin assessed in previous studies (Picollo et al. 1998 , 2000 , Vassena et al. 2003 . Lice from Bandera Argentina (BA-HL) were the least permethrin resistant, lice from Guardia de Honor (GH-HL) were the most permethrin resistant, and lice from Hogar Belgrano (HB-HL) had intermediate resistance. The protocol for lice collection was approved by the ad hoc committee of Research Center of Pest and Insecticides (Buenos Aires, Argentina) and Þled in our laboratory.
Because pyrethroid-susceptible strains of head lice were not available for resistance, a susceptible strain of body lice (S-BL) was used, based on the similarity in pyrethroid susceptibilities of strain of body lice and head lice with no history of exposure (Mumcuoglu et al. 1990 , Downs et al. 2000 . Our louse colony originated from one reared in the Department of Parasitology, University of Queensland, Queensland, Australia, and was maintained at 28 Ϯ 0.5ЊC and 50 Ð 60% RH. The eggs in late stages were selected according to Mougabure Cueto et al. (2006a) .
Because adults and third instars have been shown to be equally susceptible (Mumcuoglu et al. 1990 ), bioassays were performed on the two stages combined. For ovicide bioassays, late-development eggs were selected according to the appearance of black eyes and appendages as reported by Mougabure Cueto et al. (2006a) .
Chemicals. Technical grade permethrin (42.5% cisÐ 54.2% trans; Chemotecnica, Buenos Aires, Argentina), d-phenothrin (94.4%; Sumitomo Chemical, Osaka, Japan), carbaryl (98%; Rhone Poulenc, Lyon, France), and dichloro-diphenyl-trichloroethane (DDT) (standard; Dr. Ehrenstorfer, Augsburg, Germany) were used. Serial dilutions of the insecticides in acetone (Merck, Buenos Aires, Argentina) were prepared for the topical and immersion bioassays.
Bioassay with Eggs. Toxicity in eggs was evaluated using the immersion technique reported by Mougabure Cueto et al. (2006a) . Ten late eggs were Þxed to a microscope slide by double-faced adhesive tape. The slides containing eggs were immersed for 10 min in 10 ml of different concentrations of insecticide in acetone. Final concentrations ranged from 0.0005 to 35% wt:vol for permethrin, from 0.01 to 50% wt:vol for d-phenothrin and DDT, and from 0.01 to 1% wt:vol for carbaryl. Each concentration was replicated at least three times. Control eggs were immersed for 10 min in pure acetone. After the exposure, the microscope slides with the eggs were dried on Þlter paper and incubated at the optimal laboratory condition for each species (28 Ϯ 0.5ЊC and 75% RH for head lice and 28 Ϯ 0.5ЊC and 50 Ð 60% RH for body lice) (Mougabure Cueto et al. 2006a) . Mortality data for treated eggs were recorded 5 d after the eclosion of controls. The criterion for embryo mortality was no eclosion.
Bioassay with Nymphs and Adults. Tests to determine insecticide susceptibility in third instar and adults were done by topical application, according to the method reported by Vassena et al. (2003) . Each louse was treated with 0.1 l of the insecticide solution on the dorsal abdomen using a 5-l Hamilton syringe provided with a repeating dispenser. Concentrations ranged from 0.003 to 90 mg/ml for d-phenothrin, from 0.01 to 1 mg/ml for carbaryl, and from 0.5 to 50 mg/ml for DDT. Each dose was replicated at least three times. Treated insects were placed onto a 55-mm-diameter Whatman no. 1 Þlter paper disc moistened with 0.5 ml water, which were placed in the bottom of a plastic petri cage. Ten insects were used for each concentration in each independent test. Topical application with acetone was made for controls. After treatment, insects were placed at 18 Ϯ 0.5ЊC and 70 Ð 80% RH for head lice and 28 Ϯ 0.5ЊC and 50 Ð 60% RH for body lice, with the lights off. Mortality was recorded at 18 h (Picollo et al. 1998) . The criterion for mortality was inability to walk from the center to the border of a 7-cm-diameter Þlter paper disc.
Statistical Analysis. Mortality data were corrected using AbbottÕs formula (Abbott 1925) . ConcentrationÐmortality data from egg immersion tests and doseÐmortality data from topical tests were subjected to probit regression analysis (LitchÞeld and Wilcoxon 1949) using POLO PC (LeOra Software 1987). Lethal concentration ratio (LCR) or lethal dose ratio (LDR) and 95% CL were calculated as described by Robertson and Preisler (1992) (probit response level ϭ 5). 
Results
Susceptibility values (CL 50 or DL 50 ), slopes of probit regression, and LCR or LDR to permethrin in eggs and adults (adults and third instars) of human lice are shown in Table 1 . All head lice populations showed high levels of permethrin resistance in both eggs and adults. Resistance levels in eggs (LDR: 884 Ð 4,876) were higher than those previously reported for adults (LDR: 16.6 Ð265.6) (Mougabure Cueto et al. 2006b ). In both stages, the resistance levels of BA-HL were the lowest and those of GH-HL were the highest.
Susceptibility values, slopes, and LDR to d-phenothrin, DDT, and carbaryl in adults of head and body lice are shown in Table 2 . High resistance to d-phenothrin (LDR: 8.2Ð974.7) and DDT (LDR: 25.3 to Ͼ74.6) and low resistance to carbaryl (LDR: 1.2Ð1.6) were found in all head louse populations.
Susceptibility values, slopes, and LCR to d-phenothrin, DDT, and carbaryl for head and body lice eggs are shown in Table 3 . High levels of resistance to d-phenothrin (LCR: 173Ð1,433) and DDT (LCR: 118.6 to Ͼ400) and low resistance to carbaryl (LCR: 4.4 Ð 4.9) were found in the permethrin-resistant eggs.
Discussion
Permethrin resistance in postembryonic stages of head lice from Argentina was previously reported (Picollo et al. 1998 (Picollo et al. , 2000 Vassena et al. 2003) . This study showed permethrin resistance in eggs from those populations whose resistance to permethrin was assessed in nymphs and adults. Moreover, the eggs from these populations were resistant to d-phenothrin and DDT, as in the corresponding postembryonic stages.
Comparison of LDR values showed that there was a direct relationship between the levels of resistance assessed in eggs and adults (BA-HL is the lowest and GH-HL the highest), showing a similar expression of resistance in both stages of development (Fig. 1) . Moreover, the LDRs for eggs were always higher than those estimated, in the same population, for adults (Fig. 1) . This result could be caused by an actual higher resistance or to different methodologies applied to eggs (immersion technique) and adults (topical application). Different methods of exposition to insecticide determines differences in the toxicokinetic and toxicodynamic processes involved during intoxication; thus, the relative importance of each toxicokinetic or toxicodynamic process will change with the exposition method (Scharf et al. 1995 , Vassena et al. 2003 . Another factor to consider is that the body louse eggs have more aeropyles openings in the eggshell cap than the head louse eggs (Buxton 1946) .
Similarly, differences in resistance levels were previously found in eggs and larvae of pyrethroid-resistant Heliothis virescens Fabricius (Leonard et al. 1991) . These authors reported that resistance to lambdacyhalothrin in eggs (11.7ϫ) of a Þeld strain (FIELD-89) measured by dipping technique were signiÞcantly higher than resistance to the same insecticide on the third larvae (1.3ϫ) evaluated by topical application. Ho and Goh (1984) showed that both the eggs and the newly emerged larvae of the resistant strain of Plutella xylostella L. were more resistant to deltamethrin than those of the susceptible strain. These authors suggested that resistance appears very early in the life cycle of the insect.
In this study, the high resistance to pyrethroids (permethrin and d-phenothrin) and DDT detected in head louse eggs and adults suggested a cross-resistance phenomenon. Because pyrethroids and DDT share the site of action (sodium voltageÐ gated channel) and oxidative metabolism (P450 complex), the resistance could be based on these mechanisms. Also, the low resistance to carbaryl (an insecticide that had never been used as pediculicide in Argentina) could be based on the enhanced oxidative mechanism selected by pyrethroid pressure. Hemingway et al. (1999) reported resistance to pyrethroids and DDT in adult head lice. These authors showed weak enhanced activity of glutathione-transferase and P450 complex, and lack of enhanced esterase activity. They suggested kdr-like as the principal resistance mechanism. Picollo et al. (2000) showed that adults and nymphs of P. humanus capitis were resistant to pyrethroids and susceptible to carbaryl. In that study, the in vivo treatment with inhibitors of oxidative and hydrolytic enzymes produced partial reversion of resistance, suggesting enhanced metabolism and altered site of action as resistance mechanisms. In a further study, González Audino et al. (2005) showed that monooxygenase activity was signiÞcantly correlated with the levels of resistance to permethrin in P. humanus capitis Þeld populations from Argentina. Lee et al. (2000) showed that permethrin-resistant populations of head lice were susceptible to malathion. In that study, the synergism assay indicated a possible role of oxidative metabolism in the permethrin resistance, but mortality and knockdown bioassay suggested that nerve insensitivity was a principal resistance mechanism. The authors identiÞed two point mutations in the para-orthologous louse sodium channel ␣-subunit (T929I and L932 F), which were associated with knockdown resistance.
Results presented here showed high resistance to pyrethroids in eggs of P. humanus capitis, in common with that assessed for nymphs and adults. Additionally, results concerning the cross-resistance to DDT and carbaryl suggested that altered site of action and increased oxidative metabolism are the causes of insecticide resistance in head louse populations in Argentina.
